Type 1 von Willebrand disease (VWD), characterized by reduced levels of plasma von Willebrand factor (VWF), is the most common inherited bleeding disorder in humans. Penetrance of VWD is incomplete, and expression of the bleeding phenotype is highly variable. In addition, plasma VWF levels vary widely among normal individuals. To identify genes that inf luence VWF level, we analyzed a genetic cross between RIIIS/J and CASA/Rk, two strains of mice that exhibit a 20-fold difference in plasma VWF level. DNA samples from F 2 progeny demonstrating either extremely high or extremely low plasma VWF levels were pooled and genotyped for 41 markers spanning the autosomal genome. A novel locus accounting for 63% of the total variance in VWF level was mapped to distal mouse chromosome 11, which is distinct from the murine Vwf locus on chromosome 6. We 
Von Willebrand factor (VWF) is a multimeric plasma glycoprotein that plays a central role in hemostasis. VWF mediates the adhesion of an initial platelet plug to the subendothelium of injured blood vessels and serves as the carrier for factor VIII in plasma (1) . VWF is synthesized in megakaryocytes and endothelial cells as a 309-kDa precursor that initially dimerizes and then multimerizes coincident with cleavage to a mature form. Posttranslational modifications to VWF also include the addition of 12 N-linked and 10 O-linked carbohydrate side chains, some of which are sulfated. Finally, VWF is either secreted or stored in the Weibel-Palade bodies of endothelial cells or in the ␣-granules of platelets.
Abnormalities of VWF result in von Willebrand disease (VWD), a common inherited bleeding disorder with an estimated prevalence of Ϸ1% in some populations (2, 3) . The most common type of VWD, type 1, is characterized by mild to moderate clinical bleeding, a prolonged bleeding time, and a quantitative reduction in plasma VWF to Ϸ20-50% of normal. Type 1 VWD is inherited in an autosomal dominant pattern with reduced penetrance and variable expression. VWD diagnosis is difficult because of the low accuracy of laboratory tests (4) and the wide variability in VWF levels contributed by factors including blood group antigens (5, 6) , estrogen (7) (8) (9) , thyroid hormone levels (10, 11) , age (9, 12) , and stress (13) (14) (15) (16) . Although type 1 VWD mutations have been identified in a subset of patients, the molecular defects responsible for most cases remain unknown.
In 1990, Sweeney et al. (17) reported a mouse model for type 1 VWD, the inbred mouse strain RIIIS/J. RIIIS/J mice have reduced plasma VWF antigen and factor VIII levels, a prolonged bleeding time, and normal VWF multimers, similar to human type 1 VWD. Genetic crosses of RIIIS/J with C57BL/6J demonstrated autosomal dominant inheritance of the low VWF phenotype. Identification of the RIIIS/J molecular defect may provide insights into the regulation of VWF biosynthesis and processing and might define the genetic basis for a subset of human type 1 VWD cases.
We previously examined the inheritance of VWF antigen levels in a cross between RIIIS/J mice and PWK, a strain of Mus musculus musculus (18) . The distribution of VWF levels among (RIIIS/J ϫ PWK)F 1 ϫ PWK backcross progeny resembled a bimodal distribution, suggesting that a single dominant gene accounts for most of the RIIIS/J low VWF phenotype. No correlation between low VWF antigen levels and inheritance of the RIIIS/J Vwf gene was observed, demonstrating that the RIIIS/J low VWF phenotype is caused by a defect in a gene(s) distinct from the Vwf locus. We now report the localization of the major gene modifying VWF levels in the RIIIS/J mouse, designated Mvwf for ''modifier of von Willebrand factor,'' to a 0.5-centimorgan (cM) portion of distal mouse chromosome 11.
MATERIALS AND METHODS
Animals. Inbred strains of RIIIS/J and CASA/Rk (a strain of Mus musculus castaneus) mice were obtained from The Jackson Laboratory. Mice were housed in microisolator cages under specific pathogen-free conditions and bred at the University of Michigan. Reciprocal matings generated F 1 progeny. To confirm Mvwf phenotype classification, selected F 2 progeny were progeny-tested by mating to CASA/Rk mice or to mice homozygous for the CASA/Rk allele across the Mvwf interval. The (RIIIS/J ϫ PWK)F 1 ϫ PWK backcross was described previously (18) .
Genotype Analysis. Genomic DNA was prepared from liver or tail samples as described (19) . To create the DNA pools, 2 g of five DNA samples was combined at a final concentration of 50 ng/l, and 200 ng was used in PCRs. PCR amplification of simple sequence repeats and gel electrophoresis were performed either as described (20) or with unlabeled primers followed by electrophoresis on 3% Metaphor agarose gels (FMC). The initial 41 markers for the genome scan were selected based on data reported by Taylor et al. (21) . Addi-
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. Calculation of Genetic Distances. Map distances were calculated assuming that genetic distance is equivalent to recombination fraction. Maximum likelihood estimates for detection of two independent (maternal and paternal) crossovers were not used because the greatest distance between two genotyped markers was Ͻ4 cM and because the corresponding frequency of such events would be small. Because the RIIIS/J allele at Mvwf is dominant and RIIIS/J homozygotes at Mvwf have a phenotype similar to heterozygotes, only half of the potential recombinants are phenotypically informative. Mice that are homozygous for the CASA/Rk allele at one flanking marker and heterozygous at the other flanking marker are informative whereas mice that are homozygous for the RIIIS/J allele at one flanking marker and heterozygous at the other flanking marker are not informative. Recombination fractions were calculated only for the informative class of mice. The number of informative meioses is slightly greater than the number of F 2 progeny typed because 2 of 1047 F 2 progeny carried two recombination events in a 7-cM interval. For these two mice, both meioses are informative. SDs of genetic distances also were calculated based on the number of informative recombinants and meioses. Standard analysis of variance calculations were performed using SPSS for Windows, 6.1.
Phenotype Analysis. The RIIIS/J low VWF phenotype was defined by the presence of reduced plasma VWF antigen. For the initial 106 (RIIIS/J ϫ CASA/Rk)F 2 progeny, collection of blood by cardiac puncture and measurement of VWF levels were performed as described for the (RIIIS/J ϫ PWK)F 1 ϫ PWK backcross progeny (18) . For additional intercross progeny, blood samples were collected by orbital plexus puncture at 4-8 weeks of age. One to three samples of Ϸ100 l of blood were collected into heparinized Natelson blood-collecting tubes (Fisher) for each mouse. When multiple samples were collected from the same mouse, collections were 1-week apart with blood drawn from the opposite eye each week. Plasma VWF antigen was measured by ELISA using antibodies against human VWF as described (18) except that eight dilutions of plasma were measured for each mouse and detection of VWF was performed with a 1:2000 dilution of peroxidase-tagged antibody. A standard curve for each plate was constructed by log-log transformation of the OD readings for pooled plasma from C57BL/6J mice. Individual VWF levels were the average of six values (duplicate samples at each of three dilutions) corresponding to the linear portion of the standard curve.
PCR and Restriction Analysis for Polymorphism Detection. Most primers were designed based on mouse, rat, or human sequences available through the references listed in Table 1 . One of the primers for Ngfr was based on RIIIS/J mouse sequence as determined by sequencing of PCR product ‫ء(‬ in Table 1 ); 40 ng of genomic DNA from RIIIS/J, CASA/Rk, and F 1 mice was amplified by PCR using the primers listed in Table  1 . PCR products were digested with a series of restriction enzymes and were separated by electrophoresis on 3% Metaphor agarose gels (FMC) to detect polymorphisms. Selected reactions were performed using the Taq-Start antibody (CLONTECH).
RESULTS
A Major Gene Inf luences Murine VWF Levels. To study the molecular basis for reduced plasma VWF levels in the RIIIS/J mouse, we established an intercross between RIIIS/J and CASA/Rk mice. Mean plasma VWF levels in the parental strains and F 1 progeny are shown in Table 2 . The RIIIS/J and F 1 mice both have markedly reduced VWF antigen levels of 5% and 13%, respectively. Although low VWF level is clearly dominant, as observed previously in crosses of RIIIS/J with C57BL/6J or PWK (17, 18) , the average level observed here in F 1 mice is significantly higher than that observed in the RIIIS/J mice, as determined by Student's t test (P Ͻ 0.0005). This difference suggests the presence of a dosage effect at a single major locus or contributions from additional modifying loci.
The distribution of VWF levels among 106 (RIIIS/J ϫ CASA/Rk)F 2 progeny supports the hypothesis that a major dominant gene causes the RIIIS/J low VWF phenotype (Fig.  1A) . Approximately three-quarters of the progeny have VWF levels in the lower tail of the distribution, and about onequarter are present in the upper tail. Vwf genotype analysis of selected mice demonstrated no correlation between low VWF level and inheritance of an RIIIS/J allele at Vwf (data not shown), which is consistent with our previous analysis of an independent cross between RIIIS/J and PWK (18) .
Mapping of Mvwf.
We next sought to localize Mvwf through a genotype analysis of F 2 progeny at markers across the genome. We initially used the approach described by Taylor et al. (21) in which DNA samples from individual mice are pooled for analysis, reducing the number of genotypes required for the scan. DNA samples were combined from the 5% of progeny with the highest and lowest VWF levels from a distribution of 106 mice to create the high and low VWF pools, respectively. The average percentage of VWF for mice in the high VWF pool was 84 Ϯ 10% (mean Ϯ SD) and in the low VWF pool was 4 Ϯ 1%. In this assay, a linked marker would be observed as an excess of CASA/Rk alleles in the high VWF pool genotype and an excess of RIIIS/J alleles in the low VWF pool genotype.
For the initial genome scan, the DNA pools were typed for 41 simple sequence repeat markers. Excess CASA/Rk alleles were observed in the high VWF pool at four loci: D11Nds7, D11Mit5, D4Mit7, and D13Mit36. For marker D11Nds7 (Fig.  2 Right) , the high VWF pool (lane 4) contains only the CASA/Rk allele whereas the low pool (lane 5) contains an excess of RIIIS/J alleles. Thus, D11Nds7 appears to map near the Mvwf locus. Less significantly skewed pool genotypes were observed for marker D11Mit5 (Fig. 2 Left) , which is located Ϸ30 cM proximal to D11Nds7 (32), as well as for markers D4Mit7 and D13Mit36 (data not shown). For the latter two markers, individual genotyping of animals in the upper and lower quartiles of the phenotypic distribution did not confirm the apparent association of marker genotype with low VWF levels. In addition, the chromosome 6 marker closest to the Vwf gene (33) did not show skewing, confirming our published observation that the RIIIS/J low VWF level is not linked to the Vwf gene (18) .
For the marker showing the strongest initial evidence for linkage, D11Nds7, individual genotypes of 106 F 2 progeny are shown in Fig. 1B . Most of the mice with the highest VWF levels inherited two CASA/Rk alleles (open squares) whereas the animals with the lowest VWF levels inherited at least one RIIIS/J allele (gray and black squares), confirming linkage of Mvwf to this marker on chromosome 11. This linkage was also confirmed by genotyping 110 (RIIIS/J ϫ PWK)F 1 ϫ PWK backcross progeny, as shown in Fig. 3 . The single outlier mouse with the highest VWF level among the backcross progeny was heterozygous at markers spanning 30 cM of chromosome 11, suggesting that a factor other than the Mvwf genotype accounts for the high VWF level in this mouse.
At this point in the analysis, it was particularly important to precisely define the low VWF phenotype. A large overlap of VWF levels was observed between the D11Nds7 genotypic classes (Fig. 1B) . Among mice with low VWF levels, no clear boundary separates mice inheriting RIIIS/J allele(s) from mice inheriting only CASA/Rk alleles. Although some of the latter mice could represent recombinants between D11Nds7 and Mvwf, a VWF level cutoff excluding animals with intermediate phenotypes would include only 10% of the progeny. High resolution mapping using only mice at the extreme ends of the distribution would require significantly larger numbers of mice. Because VWF levels in humans are known to be influenced by several environmental factors, we altered the plasma sample collection from subsequent intercross progeny to limit the potential contribution of additional variables. Samples were collected by orbital plexus puncture to allow multiple samples to be collected from individual mice. Blood was drawn weekly, only when the mice were between 4 and 8 weeks of age and at approximately the same time each day.
To determine the range of VWF levels that could be considered high, genotypes and VWF levels were determined for 205 additional F 2 mice. For each mouse, VWF level was determined at least once. For 55 mice homozygous CASA/Rk at marker D11Mit54, which is closer to Mvwf than D11Nds7, three plasma samples were collected, and VWF levels were averaged. The distribution of VWF levels among the 205 animals, determined with this revised approach, showed a clearer separation between the genotypic classes, as shown in Fig. 4 . Based on this distribution, VWF levels above 39% were defined as high, and VWF levels below 19% were defined as low. Initially, animals with VWF levels between 19 and 39% were not used to determine Mvwf location. As the candidate interval narrowed, recombinant mice with intermediate VWF levels were progeny-tested to assign phenotype. Among test progeny, phenotype was assigned to the tested mouse by the presence of high or low VWF levels in two or more progeny inheriting the recombinant chromosome. One to four litters of test progeny were required to assign phenotype.
Using this definition of low VWF phenotype, we continued to narrow the Mvwf candidate interval by analyzing 21 additional chromosome 11 markers on an expanded cross of F 2 progeny. Phenotypes were only determined for mice inheriting an informative recombination event. Recombination events were only realistically informative when the nonrecombinant allele was CASA/Rk because only mice inheriting this type of recombinant would be expected to have significantly different VWF levels across the interval. At this stage, 1047 F 2 mice were genotyped at three markers spanning an Ϸ7-cM portion of chromosome 11. By genotyping simple sequence repeat markers, the possible Mvwf location was limited to the region between markers D11Mit263 and D11Mit54 (Fig. 5) .
Exclusion of Candidate Genes. Several known genes in this region were potential candidates for Mvwf. Of particular interest, Itgb3 is the ␤ chain of the glycoprotein IIb/IIIa platelet surface integrin, for which VWF is an important ligand (34) . In addition, Cola1, the ␣-1 chain of type 1 collagen, is a potential ligand for VWF in the vessel wall (35) . Both of these genes were placed on our map by analysis of informative mice. For this purpose, primers were designed based on available sequence to amplify across introns or untranslated regions for each candidate gene. PCR products were amplified from genomic DNA of the parental strains and digested with a series of restriction enzymes to identify informative polymorphisms (Table 1 ). Selected recombinant mice were then genotyped for these polymorphisms to determine the map location of each gene. Based on map position, Itgb3, Cola1, and Itg3a (integrin ␣-3) were excluded as potential candidate genes. The positions of Cola1 and Itg3a are shown in Fig. 5 . Itgb3 was confirmed to map distal to D11Nds7 (32) .
Polymorphisms were then identified in other genes known to map in the region of mouse chromosome 11 or in the syntenic region in humans 17q21-q22. Map positions were determined for nerve growth factor receptor (Ngfr, two polymorphisms), cytochrome oxidase 5a (Cox5a), homeobox b1 (Hoxb1), homeobox b9 (Hoxb9), and gastric inhibitory peptide (Gip). The Ϸ160-bp PCR product amplified by the first set of Ngfr primers (Table 1 ) was sequenced (data not shown) and found to be 95% identical to rat mRNA for fast nerve growth factor receptor (26) and 82% identical to human nerve growth factor receptor mRNA (36) . The intragenic markers identified here defined new limits to the Mvwf candidate interval-between Ngfr/D11Mit263 and Hoxb9. Of note, Mvwf is nonrecombinant with Gip, indicating that Gip is a candidate for Mvwf. The map in Fig. 5 shows the position of Mvwf compared with other genes Other Potential Minor Modifying Genes. By standard oneway analysis of variance, genotype at D11Mit54 near the Mvwf locus accounted for 63% of the total variance in VWF levels. To examine the potential effects on murine VWF levels of loci distinct from Mvwf, the phenotypic distributions of the parental strains were compared using Student's t test to the distributions among 205 F 2 progeny grouped by genotype at D11Mit54 ( Table 2) . The average VWF level observed in RIIIS/J parental mice was 5%, which is significantly lower than the 11% observed in F 2 progeny homozygous for the RIIIS/J allele (P Ͻ 0.0005). In addition, the 100% level in CASA/Rk parental mice is significantly higher than the 50% observed in F 2 progeny homozygous for the CASA allele (P Ͻ 0.0005). These values indicate that, in addition to the major chromosome 11 locus, at least one or more minor modifying loci also contribute to the determination of plasma VWF levels in mice.
DISCUSSION
We have determined the location of a gene distinct from Vwf that causes an up to 20-fold reduction in VWF levels in the RIIIS/J mouse relative to other strains. The successful mapping of this locus confirms our previous hypothesis (18) that a single dominant gene unlinked to Vwf is the major modifier of murine VWF levels. These results suggest that the human homologue of Mvwf, or other functionally related genes, may contribute to the low penetrance and highly variable expression of human VWD.
Analysis of multiple simple sequence repeat markers, as well as a number of newly identified intragenic polymorphisms in progeny of a large cross, provides a more detailed genetic map for a portion of mouse chromosome 11. The order and distances we observed between markers are consistent with most previously reported maps of chromosome 11 (32) . In addition, several genes can now be ordered that were not previously separable. Recombinants were identified among Cola1, Itg3a, Ngfr, and Hoxb. In addition, the murine Hoxb cluster has been oriented on chromosome 11 based on three recombinants between Hoxb1 and Hoxb9.
A discrepancy exists between our genetic map and a previously reported physical map of the murine Hoxb/Ngfr region (37). Bentley et al. (37) localized the Hoxb cluster and Ngfr to a 50-kb interval. Taken together with our genetic map, this 50-kb physical segment would have to contain at least the 0.6-cM interval from Hoxb to Ngfr, including Mvwf. In addition, the orientation we observed of the Hoxb cluster in comparison to Ngfr (Hoxb1/b9/Ngfr) also differs from the data obtained by Bentley et al (37) (Hoxb9/b1/Ngfr). Although we confirm the presence of Hoxb on the reported yeast artificial chromosomes (37), we were unable to detect a signal for Ngfr in the relevant clones by either PCR (both Ngfr primer pairs) or Southern blotting using as probe the 1.4-kb, amplified portion of Ngfr described earlier (data not shown). Sequence analysis of the 160-bp Ngfr product used for genotyping confirms that the polymorphism we mapped corresponds to murine Ngfr. However, we cannot exclude the presence of another related gene in the region of Hoxb.
The order of genes we observed on mouse chromosome 11 differs from the order of homologous genes previously reported in the syntenic region on human chromosome 17q. By linkage analysis, Anderson et al. (38) determined a gene order of cen-HOX2B-GP3A-GIP-qter. This order differs from the mouse, in which the GP3A homologue Itgb3 is located more than 10 cM away from both Hoxb and Gip and is interrupted by at least 30 known genes. Lewis et al. (39) identified a human gene order of cen-HOXB6-NGFR-GIP-tel by genetic and radiation hybrid mapping. In comparison, our map places Gip between Hoxb and Ngfr in the mouse. Taken together, these results suggest that significant rearrangement may have occurred in this region since the divergence of mice and humans.
Significant variation in plasma VWF was still observed both within and between individual indeterminate mice even though we could obtain triplicate samples and readily control for age and time of sample collection. The VWF levels observed in a small number of mice (Ϸ3/1000) were inconsistent with Mvwf typing. In these mice, factors other than Mvwf could have inf luenced VWF level. Perhaps the extremely high VWF level in the outlier mouse in Fig. 3 was caused by nongenetic factors such as stress or illness. To prevent errors in the assignment of phenotype, progeny testing was used to confirm the phenotype of all critical, recombinant mice. This ability to control for the inf luence of environmental factors, along with the facility for a large genetic cross and the reduced complexity of genetic background effects in inbred strains, offers power that cannot readily be achieved in human linkage analysis.
The genetic mapping data reported here should facilitate the positional cloning of the Mvwf locus. This gene could exert its marked effect on plasma VWF levels through a number of distinct molecular mechanisms. In addition, the nearly complete dominance of Mvwf (similar phenotypes in heterozygotes and RIIIS/J homozygotes) suggests that the RIIIS/J mutation may confer a unique gain of function. Given the complex multistep biosynthesis and processing of VWF (1), alterations at a number of possible regulatory steps could account for the RIIIS/J low VWF phenotype. Possibilities include defects in endothelial cell-specific synthesis, intracellular targeting or secretion, an abnormality in VWF interaction with platelets or with the subendothelium, or an alteration in plasma VWF clearance. Although Gip is nonrecombinant with Mvwf, this gene is not a likely candidate for Mvwf. Gip functions as a regulator of gastric acid and insulin secretion, and its expression is limited to the small intestine (27, 40) . Few molecular defects have been reported in type 1 VWD patients (41) . Genetic analysis of human type 1 VWD performed to date is consistent with linkage to the VWF locus (42-47) although locus heterogeneity has not been excluded. None of the previous studies has individually obtained statistical significance (logarithm of odds score Ͼ 3.0). Incomplete penetrance of type 1 VWD complicates linkage analysis by reducing the information available from unaffected family members.
The human homologue of Mvwf would be a strong candidate for an alternative VWD locus. Alterations at such a locus could contribute to the distinct subgroups of type 1 VWD proposed by Weiss et al. (48) . Further evidence suggesting the presence of locus heterogeneity for type 1 VWD comes from the analysis of severe (type 3) VWD, which often is assumed to represent homozygous or compound heterozygous type 1 VWD (1). The reported prevalence of type 1 VWD corresponds to an allele frequency of Ͼ0.5%, which would predict a prevalence of homozygous patients of Ͼ1:40,000. However, the observed frequency of type 3 VWD patients is only Ϸ1/1 million, which is significantly less frequent than would be predicted if all type 3 VWD patients inherited two type 1 VWD alleles. These data suggest that mechanisms other than simple haploinsufficiency at the VWF locus could account for a significant subset of type 1 VWD.
In addition to its potential role as a second locus for VWD, the human homologue of Mvwf could be an important modifier gene in VWD patients with mutations at the VWF locus. Significant modifying effects on plasma VWF levels already have been demonstrated for the ABO and secretor blood group antigens (5, 6, 49) both in normal and VWD individuals. Allelic heterogeneity at the human homologue of Mvwf could contribute to the wide variability in plasma VWF levels among the normal population and may also account for a significant portion of the variable expression and reduced penetrance observed in human VWD.
